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Introduction
Powder sorbents for capturing CO 2 shifts the reaction equilibrium in favor of greater H 2 yields and purity 3 . Conditions for carbonation are comparable to those of PCC, i.e. ~600 °C in ~15 % CO 2 however, when oxygen looping is employed in sorption enhanced steam reforming (SESR) overall enthalpy is reduced by the exchange of oxygen through a metal catalyst and the regeneration of the sorbent is carried out in air at temperatures ≥ 800 °C 4 . Hence sorbent regeneration conditions for SESR are considerably less severe than for PCC, but nevertheless unmodified CaO shows serious loss of CO 2 capacity after repeated calcination cycles leading to lower H 2 yields 5, 6 .
Thus, there is an economic need to develop high reactivity CaO-based sorbents that maintain performance between 0.3 to 0.78 g-CO 2 /g-sorbent over multiple CO 2 capture cycles for SESR applications 7, 8 .
Improvements to CaO-sorbents have been achieved by the addition of second-phase refractory 'spacer' particles to inhibit densification of the CaO particle matrix 6, 9-20 . It should be noted that refractory additives to CaO, inhibit densification not merely due to physical separation of the sorbent particles, but also due to differential thermal expansion effects and differential sintering rates of the two components resulting in stresses that inhibit densification 21 . Table 1 shows examples of the multi-cycle performance of modified CaO sorbent powders under various looping conditions, which can be broadly categorized as Calcination conditions have a major effect on durability 8 , with increased calcination temperatures and dwell times giving increased densification, lower porosity and lower CO 2 uptake within the timescale of each cycle (≥ 5 cycles), however the preceding carbonation conditions also affect the degree of densification during calcination. Carbonate decomposition initially produces a porous structure: the more extensive the carbonation reaction the greater the degree of porosity generated on initial decarbonation which can result in less densification at the completion of the calcination cycle. Near full carbonation (100 % conversion ratio of CaO) is achievable within each cycle by using relatively high temperatures, prolonged dwell times and CO 2 rich atmospheres. Therefore, carbonation and decarbonation (calcination) conditions should both be considered when comparing durability performance data from different laboratories ( e The initial uptake was calculated by an average decay rate of 0.5% for a 10-cycle experiment;
f The initial uptakes were not indicated in either the paper or the supplementary materials but are estimated to be > 0.49 and > 0.57 Net CO 2 uptake (g-CO 2 /g-sorbent) based on the average decay rate > 0.5% for a 10-cycle experiment;
Experimental
A suspension of Ca(OH) 2 was prepared by adding 50 mmol Ca(OH) 2 (Alfa Aesar) in 100 ml ethanol dropwise to 100 ml of aqueous ammonium hydroxide solution (pH=11) under continuous stirring. The ZrO 2 precursor was prepared by dissolving ZrO(NO 3 ) 2 ·xH 2 O (SigmaAldrich) in amounts ranging from 2.52, 5.68 and 9.74 mmol in 50 ml in ethanol; this solution was then added dropwise to 50 ml of ammonium hydroxide solution (pH=11). The resulting hydrolyzed zirconyl nitrate sample was added dropwise to the Ca(OH) 2 and 100 % CO 2 during calcination using the equipment available; hence it was necessary to alter the carbonation atmosphere for the severe condition. For both mild and severe conditions, heating and cooling rates were 20 o C/min; carbonation dwell times were 15 min, with no dwell period once the maximum calcination temperature was reached; gas flow rates were 50 ml/min under dry conditions.
Powder X-ray diffraction, XRD, was employed to identify the phases present in the asprepared powders and powders collected after TGA cycles, for 1, 5, 10 and 30 cycles. XRD data were collected using a Bruker D8 diffractometer (Cu-K =1.5416 Å). The as-prepared powders (~1 g) were loaded in the 25 mm (diameter) well of a polymethylmethacrylate sample holder; for smaller quantities generated by the TGA experiments, the powders (~3 mg) were deposited on a silicon sample holder. It should be noted that there is some additional (Bragg) scattering from the silicon holder visible in the latter patterns. The resulting XRD patterns were analyzed using the X'Pert HighScore Plus software (Version 3.0e). The positions, intensities and shapes of the peaks were measured and matched to known powder diffraction files, using the ICDD PDF4 database (International Centre for Diffraction Data). Rietveld refinements of the diffractograms were performed to quantify the mass fraction of phases present using the X'pert HishScore Plus
Software. Details of the methods can be found elsewhere 25, 26 .
The microstructure of carbonated and decarbonated sorbents was characterized by scanning electron microscopy, SEM, using a LEO 1530 Gemini field emission gun (FEG-) SEM to scan the surface of the powder samples at 3 keV and a 3.7 mm working distance using an in-lens secondary electron detector. All samples for SEM were sputter coated with a layer of platinum, ~5 nm thick. Transmission electron microscopy, TEM, was employed to gain insights into the detailed structure of the sorbent powders by: selected area electron diffraction (SAED); atomic lattice imaging; energy dispersive X-ray (EDX) spectroscopy and elemental mapping. The as-prepared sorbent powders contained a mixture of CaO (cubic) and CaZrO 3 (orthorhombic), as identified by powder XRD 27 (Figure 1 ). Rietveld refinement of the XRD data for as-prepared powders and for powders after multiple TGA carbonation/decarbonation cycles gave residual (R P ) and weighted residual (R WP ) Rietveld parameters <10% ( Figure S1 , Table S1 ), indicating that the model provided a reliable indication of phase proportions (accurate to ± 1 wt%) 22 . The estimated weight fraction (%) of CaZrO 3 in the three as-prepared sorbents were as follows: Sample 1, 10CaZrO 3 :90CaO; Sample 2, 18CaZrO 3 :82CaO; Sample 3, Carbonation (%) The net CO 2 uptakes, expressed as g-CO 2 /g-total sorbent mixture, using the three as-prepared Table 2 ).
An initial increase in capacity has been observed for other CaO blends and is often referred to as 'self-reactivation' 28 . To understand this here, we chose to investigate the detailed microstructure of Sample 3 because of it exhibits the most significant increase in molar carbonation with cycles. The reasons behind this increase were revealed by SEM which showed a densely packed microstructure with little porosity in the as-prepared powder yet at cycle 10 the powder matrix was more porous, containing <100 nm pores within a matrix of <200 nm CaO particles (Figure 3) . This development of a more porous matrix in the first 10 carbonationcalcination cycles accounts for the observed rise in CO 2 capacity; progressive change to this microstructure in the earlier cycles would give rise to the gradual increase in CO 2 uptake that is observed. The multicycle results for severe calcination conditions, 950°C in 100 % CO 2 , in which carbonation also occurred in 100 % CO 2, are shown in Figure 6 . As expected, carbonation in 100% CO 2 led to a greater molar conversion than in 15 % CO 2 . The Cycle 1 CO 2 uptakes were 0.46, 0.43 and 0.36, g-CO 2 /g-sorbent, for Samples 1, 2 and 3 respectively. Sample 3 with its increased CaZrO 3 content of 30 (wt%) was studied because of its better durability under severe conditions than for Samples 1 and 2 i.e. it shows the lowest decline in capture capacity ( Figure 6) and the greatest percentage of carbonation (Table 3) . A decline in capture capacity over prolonged cycling occurred for these severe calcination conditions, this is in contrast to the very stable performance in prolonged multicycle operation for mild calcination at 800 °C. For example, the uptake decayed from 0.36 g-CO 2 /g-sorbent at cycle 1 to 0.31 g-CO 2 /g-sorbent by cycle 30 for Sample 3, representing a decline of <14% of the initial value ( Table 3) .
Examination of SEM micrographs indicated an increased degree of inter-particle necking with increasing number of calcination cycles, and a slight increase in particle size (relative to the mild conditions), Figure 7 . The resulting reduction in solid-gas interfacial area, cycle-on-cycle, gives rise to the decrease in uptake capacity. 
Carbonation (%) EDX elemental mapping implies that some intra-particle segregation of CaZrO 3 nanoparticles may have occurred on repeat cycling, but this did not affect durability in the mild cycles ( Figure   2 ). It is assumed that the near-stable CO 2 capture durability from the CaZrO 3 /CaO powders is due principally to these CaZrO 3 nanoparticles acting as spacers to suppress densification and loss of micro-or meso-porosity during repeated calcinations. Whilst it is possible that a very limited range of solid solution (< 1%) forms between CaO and ZrO 2 31 there was no evidence of this from XRD lattice spacing measurements.
Powders from flame spray pyrolysis (FSP) were reported to have optimal durability at n Zr : n Ca = 3:10 17 , later revised to the more dilute blend n Zr :n Ca = 5:10 18 , containing 56% CaZrO 3 . This is almost double the amount of CaZrO 3 in Sample 3 of the present work, yet the initial molar conversion ratios are similar, probably because of the smaller CaO particle size from FSP and the higher temperatures and CO 2 partial pressures used for the carbonation step in the FSP trials.
Both powder types display comparable durability under mild conditions, but the FSP show slightly better stability at higher temperatures probably in part due to the higher CaZrO 3 content.
The overall performance of the present powders is superior in terms of initial uptake capacity and multicycle durability when compared to several other Zr modified CaO powders produced by wet chemical routes 17, 19 . The new powders presented here show negligible decay in CO 2
capacity within the 30 cycles tested under decarbonation at 800 °C: merely 2% decrease was observed in net CO 2 uptake from cycle 10 to cycle 30, and near-flat molar conversion ratios of > 50% were recorded for Sample 1, the 10CaZrO 3 :90CaO sorbent (Table 2) . A co-precipitation method, from Zr and Ca salt solutions, produced powders which showed a drop in conversion ratio from > 60% to ~40% after 10 cycles falling further to ~35 % after 30 
Conclusions

